Abstract. The slave robot in this research is a 1-DOF piezo actuator which includes hysteresis nonlinearity. Nonlinear hysteresis behavior makes robot control a complex task. In this research, the nonlinear and uncertain dynamics of the slave robot has been considered through the teleoperation control loop. LuGre friction model is used as the estimator of the hysteresis loop. An impedance controller for the master side and a sliding-mode-based impedance controller for the slave side have been proposed. The latter is a sliding mode controller, because the plant is nonlinear and uncertain. Also, it is an impedance controller providing both high performances during contact and excellent tracking in free space motion. These controllers make teleoperator robustly stable against uncertainties and bounded constant time delay. Meanwhile, scaling factors, known as sources of instability, have no disturbing effect. After canceling the nonlinear term out of the teleoperator by the controllers, stability of the entire system will be guaranteed by Llewellyn's absolute stability criterion. Performance of the proposed controllers is investigated through simulation.
Introduction
Micromanipulation has been fascinating a growing interest of teleoperation researchers. There are many cases in which slave environment is in micrometer dimensions. The operation complexity urges human operator to be present in control loop. Operator interacts with a macro-scaled master robot, say a joystick, whereas slave robot interacts with a micro-scaled environment. Micro-assembly [1] and In Vitro Fertilization [2] are two common exemplary applications of such systems. Piezo-actuated slave robots have been interested in due to their ability in high precision positioning [3] .
The most important drawback in using of piezo-actuators is their nonlinear hysteresis behavior, making their control complex [4] , [5] . In this research, the nonlinear dynamics of the slave robot has been entered directly into the teleoperation control loop. Then, the system stability and transparency is discussed. There are two common approaches for dealing with nonlinearity problem: 1) application of non-model based methods (e.g. neural network (N.N)) [6] for controlling and compensating the slave/environment nonlinearity. 2) Use of a cascaded feedback linearization controller which delivers a linear slave dynamics for teleoperation system analyses. The former lacks of rigorous stability discussion, while the latter has insufficient robustness against uncertainties and noises [7] .
LuGre friction model is used; because it is proved that the model estimates the hysteresis behavior of piezo-actuator precisely [8] .
Due to phenomenal uncertainty existing within the estimated slave model, a sliding mode as the slave controller has been used. This approach was first used in teleoperation systems by Buttolo [9] for a 1-DOF linear system. It was shown that the approach would enhance transparency in comparison with the conventional controllers, since it takes model parameter uncertainty into consideration. Park and Cho [10] , [11] showed that a sliding mode controller (as the slave controller) could stabilize teleoperator (i.e. master, slave, and communication channels) against time delay. The delay may be considered either constant or varying, but known. In this way, an alternative approach was established for the common problem in teleoperation research area, that is stabilization of teleoperator against time delay. Up to date, numerous approaches have been used for solving the problem. One uses wave variables to make teleoperator passive against delay. It was contributed by Niemeyer in 1991 based on scattering theory to deal with constant time delay [12] . Later, it was generalized to any type of delay until 1998 [13] , [14] . Another one was a novel control framework proposed by Lee. It uses passivity concept, the Lyapanov-Krasovskii technique, and Parsval's identity to make the combination of the delayed communication and control block passive [15] . Besides these two, there are several other approaches not based on passivity concepts like Hinfinity optimization, other P and PD controllers, event-based planning, and so on.
Using a sliding-mode based impedance controller (SMBIC) not only stabilizes teleoperator against time delay and uncertainties, but also poses desired impedance to the slave robot. Meanwhile, scaling factors, known as resources of instability [16] , [17] , would never threaten the system stability.
An SMBIC is used as the slave robot controller for the mentioned reasons. Nevertheless, the most important reason motivating us to use this control scheme is as follow: after replacing the nonlinear slave dynamics with a linear one (i.e. the desired slave impedance), it will be possible to use Llewellyn's absolute stability criterion to assure the stability of the entire system. In fact, using this control scheme, it has been benefited from a sliding mode controller (which is essential due to slave nonlinearity and slave dynamic parameter uncertainties) and an impedance controller (enabling us to use Llewellyn's criterion which can be only used for linear systems [18] ), simultaneously. Section 2 of this paper defines teleoperator dynamic model in the presence of time delay, considering scaling factors. In section 3, an impedance controller for the master and an SMBIC for the slave robot are proposed. Hence, teleoperator has been stabilized against time delay, uncertainties, and scaling factors. In section 4, stability of the entire system is established through Llewellyn's absolute stability criterion. Sections 5 and 6 include the designed parameters and simulation results, respectively. The paper ends with conclusions and some future work remarks, in section 7.
Teleoperator Modeling

Dynamic Modeling for the Master Robot
The master robot is a single degree of freedom mass-damper system.
where x m denotes master position, m m and b m denote the inertia and viscous damping coefficient of the master, f h denotes the force applied at the master side by the operator and u m is the master control signal.
Dynamic Modeling for the Slave Robot
The slave robot is a 1-DOF piezo-stage with hysteresis behavior. It is well known that there exist two difficulties in modeling of the hysteresis nonlinearity of piezopositioning mechanism; they are non-local memory phenomenon and asymmetric loop between descending and ascending paths [8] . Therefore, the development of a dynamic model to describe the hysteresis behavior is very important for the improvement of the control performance of the piezo-positioning mechanism. The hysteresis friction model, called LuGre model, is used due to reasons explained in [8] . Meanwhile, there is a further important benefit leading us to use this model; hysteresis effect of piezo-positioning mechanism can be separately added to the slave linear dynamics. This feature will cause tremendous facility in the stage of designing of the SMBIC. The slave robot is now modified to describe hysteresis effect of the piezo-actuator by separately adding a load term ) ( s H x F & . The slave dynamic is shown in Fig.1 . 
For the parameters definition and more details about LuGre model, reader is referred to [19] and [8] .
Delayed Signals and Scaling Factors
Delayed signals at both sides of the communication channel are as follow: T . These delayed signals out of the communication block are then scaled up or down by some factors depending on teleoperation tasks. Therefore:
& & k p and k f are scaling factors for position/velocity and force, respectively.
Control Design
In teleoperation tasks, maximum performance is required. It means position tracking in free space and force tracking during contact. It is well known that impedance controller, which controls the relationship between the applied force and the position of the manipulator, is suitable for achieving this goal.
An impedance controller is used for the master robot. It is also desired to use this controller for the slave. But, piezo-positioning based slave robot has nonlinearity and uncertainty. Hence, sliding mode controller has been augmented with an impedance controller to establish a SMBIC.
Impedance Control for the Master
The target impedance for the master is supposed to be:
where , , m m m m b and k are the desired inertia, viscous damping coefficient, and stiffness, respectively. It is possible to replace the master dynamic (1) with the desired dynamic (6) using the following control law: 
SMBIC for the Slave
The target impedance characteristic for the slave is specified such that: 
If f e is set to be zero (as in free space motion occurs), and desired parameters are selected appropriately, x % will converge to zero as t increases, i.e. position tracking will be achieved. In the other words, the SMBIC guarantees position tracking in free space motion. If a hard contact happens, f e will not to be zero. Consequently, x % will converge to a constant value, with respect to the value of f e (see Fig.4 )
The slave robot has remarkable uncertainty, especially within
It is because of the fact that hysteresis loop (and therefore its describing constant parameters) fundamentally depends on the frequency and amplitude of the input signal [8] . That means, the exact slave dynamic parameters m s , b s , and those of , K g is the nonlinear gain, φ is the boundary layer thickness reducing the chattering of the control input, and s(t) is the sliding surface [20] . The last term in (9) is added to make sure the uncertain control law (9) 
Stability of the Entire System
The entire of the teleoperation system must be stabilized for every human operator and environment. Llewellyn's criterion providing necessary and sufficient conditions for absolute stability is introduced in [18] . A two-port system is absolutely stable if and only if:
i) h 11 and h 22 have no poles in the right half plane (RHP). ii) Any pole of them on the imaginary axis is simple with real and positive residues. iii) For all ω: Re
where h ij are the elements of the hybrid matrix representation: 2  22  21  12  11 , , , 1 2 p is used in place of the familiar Laplace domain variable s to avoid confusion with sliding surface s(t). Conditions (i), (ii) together with the first and second part of (iii) are satisfied by choosing positive impedance parameters. The third part of condition (iii) will be satisfied if:
Equation (13) is derived in [21] , assuming k p =k f -1 ). It is also reminded that the system is stable regardless of the value of time delay if the condition (13) is satisfied. ) are designed to induce high dexterity to operator plus satisfying absolute stability criterion (13) . Value of K g is determined to satisfy (10), when slave dynamic parameters are involved with uncertainty. Φ is the smallest possible positive number which eliminates the unwanted chattering. Maximum amount of time delay in round trip is assumed to be 1.5 second which seems to be a good estimation.
Parameter Design
All parameters are listed in Table1. 
Simulation Results
In this section, the simulation of the macro-micro teleoperation system is presented. The overall block diagram of this system including master, slave and proposed controllers is shown in Fig.2 . To demonstrate the performance of the controller the following scenario is organized. The human operator is modeled by a PD position tracking controller using spring and damping gains 70 N/m, and 50 N.s respectively. At the 0-8.5 second interval, the master robot is stabilized at the position 1.5 cm. Then, at 8.5-20 s, the master robot is pushed to a new position, i.e. 2.5 cm. While moving the robot to this target, the operator realizes existence of a hard wall, receiving step-like force feedback. Finally, at 20-27 s, the human operator retracts the master to the origin.
In Fig.3 , the slave robot is involved with uncertainty, as introduced in table 1. However, K g is set to be zero to highlight undesirable effect of uncertainty. The system is supposed to be free from delay to focus us only on uncertainty. As it is observed, the teleoperation system is oscillatory, caused by model dynamic uncertainty. Simulation is truncated at 16.1 s in order to avoid long time of simulation. In Fig.4 , the slave robot is again involved with uncertainty. However, K g is determined according to (10) . The system is supposed to be free from delay, because we are focusing just on the instability caused by uncertainty. As shown in this figure, the teleoperation system is now stable. When the slave robot is pushing against the obstacle (8.5-20 s), the contact force is faithfully reflected to the human. Also, when the slave does not interact with the wall and the human force is negligible (3-8.5 s and 22-27 s), the master and slave coordination is achieved. These verify our desired objectives, i.e. position tracking during free motion and force tracking in hard contact.
In Fig.5 , the uncertain teleoperation system is involved with a time delay (T 1 +T 2 = 1.5 s). As depicted in this figure, the teleoperation system is stable even in presence of remarkable time delay. Although the delay has degraded force/position tracking (especially force) during the transition periods, force and position coordination are achieved at the steady state situations.
